For a joule-heated glass melter, we have developed a numerical simulation scheme, which couples electric field, thermal fluid dynamics and platinum group metal particles behavior. Glass properties, especially the viscosity and electrical conductivity, widely change due to the platinum group metals included in high-level liquid waste. It is necessary to estimate the distribution of the platinum group metals in the glass, because operational conditions of the melter are strongly affected by them. In this study, the platinum group metals behavior was treated as the transport of the particle concentration by the Eulerian method in order to reduce the computational loading. Databases of glass properties with the platinum group metals were obtained by measurements of glass samples. Numerical simulation of 18 batch cycles showed that the platinum group metals not only were transported by the glass flow but also settled down and deposited on the bottom walls of the melter. Additionally, the electric current intensively converged along the bottom walls due to the increase of the electrical conductivity in the deposited layer of the platinum group metals. Numerical results agreed reasonably well with experimental data. It has been clarified that this numerical method is useful for the design and operation.
Introduction
Joule-heated glass melters are used for the vitrification process of high-level radioactive liquid waste (HLW) generated by the nuclear fuel cycle. HLW and the glass material (glass beads) are melted and mixed inside the melter, and then drained into the metal canister for the next storage process.
In this melter, various phenomena are taking place simultaneously. Main phenomena, which have a great impact on the vitrification process and performance, are electric field, thermal fluid dynamics and platinum group metal particles behavior. It is difficult to estimate the operational conditions and performance only by the limited experimental data, though experimental validations have been carried out in the prototype and actual melters. Also, it needs high cost and extended period to test in the actual scale and temperature.
Under these circumstances, in order to design and operate the melter efficiently, we have been making an attempt to develop a numerical simulation tool which is able to predict these multiple and complex phenomena. In this paper, a numerical simulation scheme, which couples platinum group metal particles behavior to electric field, heat transfer and fluid dynamics, is presented. Additionally, it is applied to the numerical model of the prototype melter. The interactions between the electric field and the platinum group metals behavior are examined. Also, the numerical results are compared with the experimental data of the remaining mass of the platinum group metals and the electrical resistance.
HLW Glass Melter
The outline of the joule-heated glass melter used for the vitrification process of HLW is shown in Fig.1 . The melter consists of a melting vessel, structural materials of insulators and metal shells, three electrodes, two upper heaters installed in the upper plenum space and others. The melting vessel and the upper plenum space are filled with the molten glass and air, respectively. The width and height of the vessel are both approximately 1.5 meters. Glass beads and HLW are supplied onto the top of the molten glass, and they are mixed and melted.
The glass is melted by the joule-heating between two main electrodes located on the side of the vessel and a bottom electrode. The molten glass with radioactive wastes is drained from the drain nozzle at the bottom into the metal canister intermittently.
HLW includes platinum group metals, which form solid particulates in the melting and mixing process with glass beads. The platinum group metal particles settle down and deposit on the bottom walls in the melter, because the density of the particles is over three times larger than that of the molten glass. Glass properties, especially the viscosity and electrical conductivity, widely change due to the concentration of the platinum group metals (1) . 
Electric Field, Heat Transfer and Fluid Dynamics
In this study, the general-purpose simulation code Fluent ver. 6.2 was used as the base to calculate the heat transfer and fluid dynamics. The conservation equations of the enthalpy, momentum and mass were solved. Additionally, the electric field was coupled with them in order to consider the joule-heating of the glass. The basic equation of the electrical potential was solved as follows.
where σ is the electrical conductivity and φ the electrical potential.
In the present study, molten glass is assumed as an incompressible Newtonian fluid. And buoyancy forces are considered based on Boussinesq approximation.
In order to estimate the transient behavior of the actual melter, the unsteady simulation for several tens of hours in a batch is necessary. Operational conditions, such as the electric power, mass flow rate of the drain and cooling rate of electrodes, were input to the calculation.
The melting space is surrounded by rigid walls (including upper glass surface) except for the drain nozzle exit, which is a free outflow boundary (zero gradients). Although glass beads are supplied continuously in actual operations, the mass source of the molten glass is given at the upper surface only during drain phases in this simulation because of the rigid upper glass surface. The mass source is kept at the drain flow rate of the actual melter. Therefore, glass is discharged through the drain nozzle exit during drain phases at the specified flow rate.
Platinum Group Metal Particles Behavior

Eulerian modeling
To obtain a stable distribution of the platinum group metal particles in the actual scale of the melter, the transient simulation for a long analytical time, typically several tens of cycles (one cycle takes about ten hours) after the onset of HLW supply, is necessary. In this study, in order to reduce the computational loading, the platinum group metal particles behavior was treated as the continuous transport of the scalar of the particle concentration by the Eulerian method, generally called the one-fluid model.
In order to identify the applicability of such Eulerian one-fluid modeling to this multiphase flow in the glass melter, the Stokes number St is calculated. The Stokes number can be defined as the relation between the particle response time t p and the system response time of the flow field t f .
where p ρ and d p are the density and diameter of the particle, respectively. f µ is the viscosity of the molten glass. V f and L f are the representative velocity and length of the system of the flow field. In this case, the Stokes number is much less than 1.0 (St << 1). As the above, we consider that such Eulerian one-fluid modeling can be applicable to simulate the platinum group metal particles behavior, because the particles follow the glass flow very closely.
We formulate the continuous transport of the particle concentration according to a reference to a similar numerical simulation (2) . The conservation of the particle mass is solved by the following equation.
where C and p u are the volume concentration and velocity vector of the particles, respectively. S p is the source term expressing the supply mass of particles from HLW and the after-mentioned exchange mass of particles between the floating and deposited layers. The diffusion of the particles is not considered in this calculation, because the effect of the diffusion is much less than the convection in this flow condition of the laminar.
The velocity of the particles p u in Eq. (3) is calculated considering the convection of the molten glass and the sedimentation by the gravitational force due to the density difference between the glass and the particles. The equation of the translational motion for the particles is solved by the following equation in order to obtain the velocity of the particles.
where F D is the drag force due to relative velocity of the particle to the fluid and F G the gravitational force. m p is the mass of the particle. The drag force by the molten glass flow is calculated according to the Stokes' law. Besides, for the after-mentioned deposited layer, the frictional force between the particle and the wall surface F F is considered. The particle-particle interaction forces were neglected in this calculation, because they contain the considerable uncertainties in Eulerian granular models. In this study, it was assumed that platinum group metal particles are rigid spheres with uniform diameters. Also, the momentum effect of the metal particles on the glass flow can be neglected as the one-way model, because the metal particles can follow the glass flow much closely and the concentration of the settling particles is very light.
However, an existing research has mentioned that glass properties widely change due to the concentration of platinum group metal particles (1) . In order to consider such changing of glass properties, we measured glass properties with platinum group metal particles in the small melting pot and used our measured databases for this calculation.
Modeling of the deposited layer
In this melter, it is very important that the deposited layer behavior of the platinum group metal particles on the bottom wall is simulated accurately, because the glass properties are strongly affected by the high concentration of the deposited particles as stated above. For that purpose, the concentrations of the platinum group metal particles are divided into two parts, which are the floating layer and the deposited layer, in our model. The schematic of our modeling is shown in Fig.4 . Both layers are treated as the continuous scalar phases of the particle concentration by the Eulerian method. For the floating layer, the transport equation of particles (Eq. (3)) is solved by the same computation grid as one for the glass flow. On the other hand, the virtual region (Eulerian grid), which is independent from the calculation grid for the floating layer, is set up for the deposited layer. The thickness of the deposited layer (t hp in Fig.4 ) is increased or decreased by the exchange of the particle mass flux (F s in Fig.4) between two layers at each time step. Most of this mass flux is the transition by the sedimentation from the floating layer to the deposited layer. The thickness of the i-th deposited layer is calculated as
where Vol pi and S i are the total volume of particles and the area of the wall in the i-th computational cell, respectively. C max is the maximum packing volume concentration of the particles assumed by an experimental result for general spherical solid particles (3) .
As a result, this modeling can simulate the local change of the glass properties in the thin deposited layer.
The velocity of the deposited layer is calculated considering the fluid drag force F D , gravitational force F G and the frictional force between the particle and the wall surface F F in Eq. (4). The drag force is given by two different equations, which are often used for high particle loading multiphase flows such as fluidized beds by the Eulerian-Lagrangian multiphase model of the discrete element method (4) and the Eulerian-Eulerian two-fluid multiphase model (5) . The Stokes' law is used for the region of lower concentration, while the Ergun equation for higher concentration (6) . A transition volume concentration C tr , which is defined as 0.2 in the present study, is used for the switching between above two equations.
Results and Discussion
Platinum Group Metal Particles Behavior
For the non-radioactive prototype melter, the 18 batch cycles (approximately 200 hours) after the start of the feed of the simulated HLW, which contains platinum group metals, were calculated using our numerical method. Figure 5 shows the volume concentration of Numerical results show that the platinum group metal particles are not distributed uniformly and the concentration of them is obviously higher at the bottom than the upper region in the melter. The particles settle down and deposit on the inclined bottom walls, especially on the edge lines. This distinctive distribution of particles is observed not only in the drain phase but also other phases.
Besides, the distribution of the particles is asymmetry on the bottom walls. It is considered that this phenomenon arise from the natural convection of the molten glass. In this simulation, one side main electrode (right-hand side of the melter upper in Fig.5 ) and the bottom electrode are used for the bottom-heating. Consequently, the distribution of the joule-heating is asymmetry on the vertical plane, especially in the bottom region of the melter (for the after-mentioned in Fig.6 ). As a result, the particle concentration is asymmetry due to the natural convection of the glass dominated by the joule-heating.
In Fig.5 , paying the attention to the time sequences of the platinum group metals behavior, the concentration of the particles in the bottom region of the melter increases gradually in the early several batches, and then it becomes gradually stable after the 10 batch cycles or so. The details of the quantitative change of total remaining mass of the particles in the melter through the 18 batch cycles are given as described later in the section 4.3 (Fig.7) .
Interaction of Electric and Thermal Flow Field with Platinum Group Metal Particles
For comparison of the cases with and without the platinum group metal particles in the simulated HLW, the electrical conductivity and current density on the mid-plane at the 18th batch are shown in Fig.6 . These results were obtained in the bottom-heating phase. In both simulations, the electric current is active between two main electrodes and the bottom electrode.
In the case without the platinum group metal particles, the electrical conductivity is affected only by the temperature. Therefore, the electrical conductivity is higher in the upper region than that in the bottom due to the distribution of the glass temperature in the melter. Here, the temperature in the upper region of the melter is around 1200 C , and it is approximately 950 C in the bottom region.
On the other hand, in the case with the platinum group metal particles, the high current density appears along the inclined bottom walls due to the increase of the electrical conductivity in the deposited layer of the particles. Under such conditions, the operational conditions should be adjusted depending on the particle distribution in the melter, especially in the bottom region.
Comparison with Experimental Data of the Prototype Melter
Numerical results were compared with the experimental data, which were obtained by actual operations of the prototype melter, about the remaining mass of the platinum group metal particles in the melter and the electrical resistance between two electrodes (main-main and main-bottom electrodes) during the 18 batch cycles. The comparisons are presented in Fig.7 and Fig.8. In Fig.7 , the remaining mass ：Experimental data ：Numerical data feeding mass M in during one batch. The electrical resistance, which is obtained just before the drain phase of each batch, is shown in Fig. 8 . In Fig.7 , the numerical and experimental results indicate qualitatively that the remaining mass of the platinum group metal particles increases rapidly until about the first 5 batch cycles and then becomes gradually stable as batch cycles proceed. During each batch the remaining mass of the particles increases and decreases, because the particles are discharged with the drained molten glass. When the discharged mass of the particles becomes equal to the supplied mass of them during each batch, the remaining mass is being kept constant.
Here, the stable operational pattern during a batch is used in the present numerical simulation as mentioned in the section 3.1. On the other hand, the unstable operational patterns are applied for the transient situation at the early batch cycles in the experiment. Therefore, the stable remaining mass of the platinum group metal particles, which is obtained through sufficient long batch cycles, is focused and compared between the calculation and the experiment. Both of the numerical and experimental results show that M remain is about 2.3 times of M in over 14 batch cycles. Figure 8 shows that the electrical resistance between two main electrodes is kept constant through 18 batch cycles, because the concentration of the platinum group metal particles is low and almost uniform in the upper region of the melting space (Fig. 5) . Besides, the numerical and experimental results indicate that the electrical resistance between the main and bottom electrode decreases gradually and then becomes almost constant along with batch cycles. This is caused by the increasing of the electrical conductivity in the particle deposited layer of the bottom region in the melter (Fig. 6) . Also, the decrease of the electrical resistance corresponds to the trend of the remaining mass of the particles in the melter (Fig. 7) .
As has been mentioned, these numerical results agree reasonably well with experimental data. It denotes that our numerical method is useful for the design and operation of the glass melter, in which the interactions of the electric and thermal flow field with platinum group metal particles should be considered.
Conclusions
A numerical simulation scheme which couples platinum group metal particles behavior to electric field, heat transfer and fluid dynamics was developed and applied to a prototype melter. The following findings were obtained.
(1) By the treatment of the platinum group metals behavior as the Eulerian transport of the particle concentration, the reduction of the computational loading and the practical simulation for over 200 hours in the actual scale melter were achieved. (2) Numerical results showed that the platinum group metal particles were not distributed uniformly in the melter and they settled down and deposited on the inclined bottom walls, especially on the edge lines. The decreasing of the electrical resistance arose by the deposited metal particles. (3) Numerical results agreed reasonably well with experimental data. It indicated that our numerical method is useful to design and operate the glass melter.
